BACKGROUND AND PURPOSE: T2 and ADC mappings are 2 quantitative MR imaging tools for assessing IVDD. This study aimed to compare these 2 measures in detecting IVDD and its age-related changes.
I
VDD is a leading cause of lumbar spineϪrelated low back pain. 1 Several imaging techniques have been used to detect IVDD. Radiography and conventional CT are the 2 common imaging methods for evaluation of disk morphology and reactive bony changes. 1, 2 However, the biochemical events during early IVDD, including the breakdown of large aggregating proteoglycan gels and extracellular matrix degradation, occur before the morphologic changes and alterations in biomechanical properties. Therefore, the 2 aforementioned methods are generally unable to detect IVDD at an early stage. 2 MR imaging can reflect both the macromolecular concentrations and the structural integrity in the intervertebral disk and has been considered the best noninvasive method of characterizing IVDD in humans and animal models in vivo. 3, 4 Conventional clinical MR imaging emphasizes the signal intensity and morphologic changes of intervertebral disks in T2WI. 3 Investigators have reported several IVDD classification systems based on sagittal T2WI, [5] [6] [7] among which the Pfirrmann scoring system is widely used as an accredited standard in both research and preliminary clinical applications. [8] [9] [10] [11] [12] [13] [14] [15] It is a subjective rating system and can provide a semiquantitative assessment of IVDD in vivo. 8, [12] [13] [14] For further quantitative evaluation of IVDD based on the biochemical changes in disks, several MR imaging techniques have been developed. They include dynamic contrast MR imaging, 9 magnetization transfer imaging, 16 T1 measurement, 17 T2 measurement, niques aim to quantitatively detect early degenerative changes in the matrix content of intervertebral disks. The lumbar intervertebral disk is the largest avascular structure in a human body. Nutrition depends on the diffusion of fluid either from the vertebral bodies across cartilaginous endplate or through the annulus fibrosus from the surrounding capillaries. 26 ADC, a quantitative parameter calculated from diffusion-weighted imaging, is sensitive in detecting the molecular diffusibility in tissue. Previous studies have demonstrated that decreased diffusion is associated with a reduction in nutrient supply in IVDD. 27 ADC mapping could reflect the degenerative changes of disk matrix composition and integrity. [23] [24] [25] Moreover, the signal intensity of T2WI in the disk was found to correlate with the ADC values. 8 The quantitative T2 has been reported to reflect the molecular environment in the disk, which consists of water, proteins, fat, collagen, and other solutes. Increased disk water or glycosaminoglycan content, the primary component of proteoglycan, is associated with increased T2, whereas increased collagen content contributes to decreased T2. 20 Numerous studies have revealed that degenerating intervertebral disks have shorter T2 values than normal disks 11, 12 and that T2 correlates with the Pfirrmann grades.
14 Moreover, disk T2 varies with age, 18 magnitude, or duration of compression 21 and diurnal variation. 19 Therefore, T2 may serve as a potential quantitative and sensitive biomarker for detecting the IVDD at an early stage.
At present, T2 and ADC are the 2 major MR imaging measures for the quantitative evaluation of IVDD. There has been no study so far to evaluate and compare their clinical performance in the assessment of intervertebral degenerative disk disease. The primary aim of the current study was to evaluate the correlation between the Pfirrmann grades and these 2 MR imaging measures and to determine which technique is more sensitive in detecting the early stage of IVDD. The secondary aim was to evaluate how T2 and ADC vary with age in a welldefined asymptomatic population and to acquire further evidence on which measure is more suitable for detecting agerelated lumbar intervertebral disk degeneration. The results of this study would contribute to establishing the optimal clinical diagnosis paradigm in IVDD management.
Materials and Methods

Subjects
This prospective study was approved by the local institutional review board. All participants were informed of the aims and risks of MR imaging, and written consent was obtained before enrollment. They were consecutively recruited and studied from September 2009 to May 2010. The subjects were excluded if they had diabetes mellitus, major systemic disease, serious illness (eg, tumor, infection), back surgery, spinal fractures, or osteoporosis. They consisted of asymptomatic volunteers and patients with back pain and/or sciatica. The inclusion criteria of patients were the presence of significant back pain, which was defined as a pain in the low back for Ͼ2 weeks and severe enough to require physician consultation or treatment. 28 Moreover, inclusion criteria of asymptomatic volunteers referenced a report by Pfirrmannet al, 29 which observed the process of normal aging in the lumbar disks, as follows: 1) no back pain within the last 5 years, 2) never absent from work because of low back pain, and 3) no history of consulting a physician because of low back pain.
MR Imaging
Lumbar spine imaging was performed on a whole-body 1.5T clinical scanner (Gyroscan, release 9.1.2; Philips Healthcare, Best, the Netherlands). All MR images in this study were obtained in the afternoon to minimize the diurnal variation of ADC and T2 values in the intervertebral disks. 19 The conventional lumbar MR images were acquired with a 4-channel cervical-thoracic-lumbar spinal radio-frequency coil (Syn spine, Philips Healthcare) by T2WI using a fast spin-echo sequence in sagittal and axial orientations. The scanning parameters were as follows: TR/TE ϭ 3500/120 ms, thickness ϭ 4.0 mm, FOV ϭ 325 mm, matrix ϭ 512 ϫ 512, number of signal-intensity acquisitions ϭ 4, turbo factor ϭ 17, number of sagittal sections ϭ 11, number of axial sections in each disk ϭ 3, and acquisition time ϭ 4 minutes 29 seconds. In addition, the sagittal T1-weighted imaging was performed by using a fast spin-echo sequence with TR/TE ϭ 400/14 ms, thickness ϭ 4.0 mm, FOV ϭ 256 mm, matrix ϭ 512 ϫ 512, number of signal intensity acquisitions ϭ 2, turbo factor ϭ 3, number of sections ϭ 11, and acquisition time ϭ 2 minutes 56 seconds. The sagittal T2WIs were used for the visual Pfirrmann grading of IVDD.
The sagittal diffusion-weighted images of the lumbar spine were obtained by using a single-shot spin-echo echo-planar imaging sequence coil with the diffusion gradient applied in 3 orthogonal directions, respectively, from which the average ADC map was calculated. In theory, the optimal b-value should be in the range of the inverse of the mean ADC of the tissue examined (1.99 ϫ 10 Ϫ3 mm 2 /s for disk) to obtain the optimal signal intensity-to-noise ratio in the diffusion map. 19 For this reason, a b-value of 500 s/mm 2 was used in this study.
Other parameters were the following: TR/TE ϭ 3000/81 ms, thickness ϭ 6.0 mm, FOV ϭ 250 mm, matrix ϭ 256 ϫ 256, and number of signal intensity acquisitions ϭ 8. The total scanning time was 3 minutes 24 seconds for 3 sections passing through the middle of the lumbar spine. T2 mapping was performed by a hybrid turbo sequence with 2 effective TEs per acquisition by using a body radio-frequency coil. This hybrid turbo (turbo-mixed) sequence consists of interleaved spin-echo and inversion-recovery acquisitions and has the ability to map the T1 and T2 values from a single measurement. 30 We used the following parameters: TR/TE1/TE2 ϭ 3500/5.88/100 ms for spinecho acquisitions, TR/TE1/TE2 ϭ 2500/5.88/100 ms and TI ϭ 500 ms for the inversion-recovery acquisitions, turbo factor ϭ 22, FOV ϭ 250 mm, section thickness ϭ 8.0 mm, matrix ϭ 230 ϫ 256, reconstruction matrix ϭ 512 ϫ 512, number of signal-intensity acquisitions ϭ 2, and anterior saturation bands. A single midline sagittal section was positioned parallel to each lumbar intervertebral disk from L1-2 to L5-S1. The scanning time was 2 minutes 16 seconds. T2 maps were computed on the basis of the least-squares fitting algorithm by using the software tools provided by the MR imaging system vendor.
Pfirrmann Grading of Disks
IVDD grading was performed in the sagittal T2WI by 2 experienced radiologists (with 17 and 13 years of experience, respectively, in MR imaging of the spine). They independently reviewed each intervertebral disk by the Pfirrmann criteria from L1-2 to L5-S1. Note that the grading system was primarily based on the changes of signal intensity in the nucleus, distinction between the nucleus and annulus, and disk height. 2, 7, 31 However, it was not used as a criterion for grades I and II, in which the signal intensity of the intervertebral disk was generally isointense to that of CSF (Table 1) . 2, 31 To estimate the intraobserver and interobserver reliability, the 2 radiologists, without knowledge of the findings on ADC and T2 maps, reviewed each case twice with a 3-week time lapse. Individual results from the 2 reviewers were tabulated and compared. If any disagreement occurred during the reviews on the Pfirrmann grade, the sagittal T2WI would be reviewed together by the 2 radiologists to reach a consensus.
Region-of-Interest Setting
All data were transferred to the imaging workstation (EasyVision, Philips Healthcare) for analysis. A radiologist with Ͼ5 years' experience in spine MR imaging delineated the region of interest in the disks twice within a 2-week interval. For disks with Pfirrmann grades I and II, an elliptic region of interest, on the middle section of the sagittal T2WI, was manually drawn on the inner portion of each lumbar disk with areas of 60ϳ80 mm 2 to cover the nucleus pulposus and inner annulus fibrosus, which had high signal intensity on T2WI. 3 For disks with Pfirrmann grades III, IV, and V,
where the boundary between the inner portion and the outer annulus fibrosus was not clearly distinguishable, an irregular region of interest was delineated by the operator according to the expected location of the inner portion. 14 These regions of interest on T2WI were copied to the ADC and T2 maps at same level (Fig 1) , and T2 and ADC values were measured as mean Ϯ SD.
Statistical Analysis
To evaluate the reliability of Pfirrmann grading, we tested intraobserver and interobserver agreements by using statistics. A paired 2-tailed Student t test was used to compare the T2 and ADC values between the patient and volunteer groups. Moreover, the variations of T2 and ADC values with age were analyzed by the Pearson correlation in the asymptomatic group. The degree of correlation was assessed as follows: absolute correlation coefficient (r): r Ͼ 0.7 as strong, 0.5 Ͻ r Յ 0.7 as moderate, and r Յ 0.5 as weak.
To determine the statistical differences of T2 and ADC values between the different Pfirrmann grades, 1-way ANOVA was used with the Student Newman-Keuls test. Moreover, ROC curves were plotted to test the sensitivity and specificity of T2 and ADC measures for assessing Pfirrmann grading. Areas under the ROC curve were calculated. The statistical difference between T2 and ADC measures for assessing Pfirrmann grading was determined by a U-test. All tests above were considered significant with P Ͻ .05. All statistical analyses were performed by using the Statistical Package for the Social Sciences for Windows, Version 13.0.0 (SPSS, Chicago, Illinois).
Results
According to the inclusion and exclusion criteria in this study, 
Pfirrmann Grading
A total of 325 intervertebral disks were categorized as Pfirrmann grades I (n ϭ 43), II (n ϭ 136), III (n ϭ 89), IV (n ϭ 49), and V (n ϭ 8). Except for 1 disk due to susceptibility artifacts, 324 disks were successfully measured for T2 values. Three hundred nineteen disks were measured for ADC values with confidence, and 6 disks were excluded because 4 disks at L4-L5 had susceptibility artifacts, whereas the other 2 disks at L5-S1 were grade V and too narrow to define regions of interest reliably. Regarding the Pfirrmann grading reproducibility by the 2 readers, the intraobserver test yielded values ranging from 0.795 to 0.822, whereas the interobserver test produced values of 0.675-0.812 ( Table 2 ). The main reason for disagreement in grading disks was the difficulty in distinguishing the inner portion and outer annulus fibrosus.
T2 and ADC Values: Volunteers versus Patients
The mean T2 value in the 139 disks from the patient group was 97 Ϯ 35 ms. It was significantly less than that in the 185 disks from the volunteer group (115 Ϯ 42 ms, 34% reduction, P Ͻ .001). Similarly, the mean ADC value in the 134 disks from the patient group was significantly lower than that in the 185 disks from the volunteer group (1.93 Ϯ 0.36 ϫ 10 Ϫ3 mm 2 /s versus 2.03 Ϯ 0.40 ϫ 10 Ϫ3 mm 2 /s, 10% reduction, P Ͻ .001).
Correlation with Age: T2 versus ADC
A well-defined asymptomatic population of volunteers was recruited and divided into 5 groups according to age (Table 3) . Both T2 and ADC values in their lumbar disks were found to correlate with age (Fig 2) . Linear regression analysis revealed that T2 exhibited a more significant inverse correlation with age (r ϭ Ϫ0.77, P Ͻ .01) than ADC (r ϭ Ϫ0.37, P Ͻ .01).
Assessment of Pfirrmann Grading: T2 versus ADC
A typical set of disks containing the Pfirrmann grades I, II, III, and IV are shown in Fig 1, with their T2 and ADC maps. For all disks from volunteers and patients, the mean and individual T2 and ADC values for each Pfirrmann grade are shown in Table 4 and Fig 3 . Both T2 and ADC decreased with the increase of Pfirrmann grades except T2 in grade V. As shown in Fig 3A, significant differences in T2 were observed between any 2 grades (ANOVA, P Ͻ .05) except between grades IV and V (ANOVA, P Ͼ .05). Figure 3B shows the significant differences in ADC found between grades I and IV, grades II and IV, grades III and IV, and grades IV and V (ANOVA, P Ͻ .05). No significant differences in ADC were seen between grades I and II and II and III (ANOVA, P Ͼ .05). These results indicate that T2 is more sensitive than ADC in detecting the early stage of IVDD and that the ability exists for T2 and ADC maps to distinguish the different Pfirrmann grades with a significant difference. As shown in Fig 4, the areas under the ROC curves were 0.95 (SE ϭ 0.014) and 0.67 (SE ϭ 0.036) for T2 and ADC, respectively. Their difference was statistically significant as determined by the U-test (P Ͻ .05). This finding further suggests that T2 offers a more robust measure to differentiate IVDD stages than ADC.
Discussion
In this prospective study, T2 and ADC values in the inner portion of lumbar intervertebral disks were measured in symptomatic patients and asymptomatic volunteers and then compared against the Pfirrmann grades. Their negative correlations with disk-degeneration grades were demonstrated. More important, the results indicated that T2 was more sensitive than ADC in differentiating Pfirrmann grades I, II, and III. To the best of our knowledge, the present study is the first to use a well-defined asymptomatic population to examine the age-related T2 and ADC changes in the inner portion of intervertebral disks. Linear regression analysis of T2 versus age demonstrated a more significant inverse correlation than that of ADC versus age. These results indicate that compared with ADC, T2 is a more sensitive and robust measure for quantitatively detecting early stage and age-related changes in IVDD.
In the present study, mean ADC values in the inner portion of disks were close to those reported in studies by Kealey et al 24 and Niinimäki et al, 8 who used the sagittal plane for diffusionweighted imaging and b-values of 400 and 500 s/mm 2 , respectively. However, our measurement of mean ADC in normal disks was higher than those previously reported by Kurunlahti Ϫ3 to 1.60 ϫ 10 Ϫ3 mm 2 /s in the x, y, and z directions. This difference may arise from the varying partial volume effects because of their use of the axial plane for diffusion-weighted imaging. Moreover, ADC values decreased with the increase of the Pfirrmann grade and age in our study. These are in disagreement with the study by Niinimäki et al. 8 In that study, only disk levels L3-L4, L4-L5, and L5-S1 were analyzed in middle-aged men; Pfirrmann grade I disks were not observed and grade II disks were, in a consensus reading, reclassified as grade III. 8 Therefore, the discrepancies may be attributed to the different study populations, different sampling of disk levels, and different grading criteria.
In previous studies, 10,12,14 disk T2 was measured with a relatively long acquisition time by using a multiecho spinecho sequence, making its routine clinical use difficult for detection of early IVDD. In this study, T2 mapping with high spatial resolution (0.49 ϫ 0.49 mm 2 ) and a short scanning time (2 minutes 16 seconds) was performed by using a hybrid turbo sequence with 2 effective TEs, which has been proved feasible and relatively accurate for T2 mapping in cartilage. 30 Our preliminary evaluation of the specific T2 mapping sequence used in the current study indicated that its measurement of T2 in intervertebral disks is within Ϯ2.5% of that measured by a 22-echo spin-echo sequence (data not shown). Moreover, the mean T2 values for Pfirrmann grades II-V in this study (128 Ϯ 22 ms to 58 Ϯ 12 ms) were close to those of a recently published study (108 Ϯ 23 ms to 53 Ϯ 11 ms), 14 further corroborating the applicability of this fast sequence for T2 mapping in IVDD. In another recent study, 13 T2 in the disks of various Pfirrmann grades (grades I-IV, 92.3 Ϯ 27.2 ms to 37 Ϯ 0 ms) was substantially lower than that in the current study, most likely because of the 3T field used and the different composition of subjects examined. The magic angle effect is known to increase regional T2 values when collagen fibers are oriented 54.7°relative to the orientation of the static magnetic field (B0). 36 This effect can be present inevitably in the annulus fibrosus, especially near its surface. 30 Given this scenario, the regions of interest in the present study only circumvented the nucleus pulposus and inner annulus fibrosus.
In the present study, T2 values were found to decrease with the extent of disk degeneration except in grade V (Table 4) ; actually there was no significant difference between grades IV (58 Ϯ 12 ms) and V (59 Ϯ 10 ms). The findings of our study were mainly consistent with those of several previous studies. 13, 14 Moreover, the age-related reduction in T2 is associated with decreasing glycosaminoglycan and water content. 37 Therefore, the inverse correlation between age and T2 has been observed in the current study and several previous studies. 10, 14 Because it is difficult to distinguish a painful degenerated (ie, pathologic) disk from one with age-related physiologic changes, a well-defined asymptomatic population was recruited for the current study in examining the effect of aging on T2. The population was different from that in a previous study by Marinelli et al, 14 which observed the inverse correlation between age and T2 only for grade II disks in 20 patients with back pain or radiculopathy. Although asymptomatic volunteers were recruited and analyzed by Watanabe et al, 10 the age distribution in that study had a narrow range of 20 -44 years (mean age, 31.8 Ϯ 8.1 years) compared with that in our study.
The principal finding from the current study is that T2 and ADC measures differ substantially in their respective ability to distinguish Pfirrmann grades, as manifested by the significantly different areas under the ROC curves (Fig 4) . Furthermore, the T2 measure is more sensitive in differentiating the early stages of IVDD between grades I and III (Fig 3) . This finding may be attributed to the different biophysical properties probed by 2 MR imaging measures during IVDD. The T2 value in the intervertebral disk is known to be sensitive to water content and the composition of the collagen network structure. It is influenced by both rotational and translational motion by dipole-dipole interaction of water molecules in the collagen matrix. [11] [12] [13] 20 On the other hand, ADC is a parameter that is sensitive to both restricted diffusion of bound water in tissues and free water diffusion. Diffusion MR imaging merely reflects the translational motion of protons at the microscopic level. 35 Thus, ADC may not perform better than T2 in evaluating water and collagen content, though it allows an indirect evaluation of disk-matrix composition and integrity. In a previous study, T2 was found to decrease dramatically in the nucleus pulposus from morning to evening, while no significant ADC change was detected, suggesting that ADC is a relatively insensitive measure for characterizing subtle changes of water and collagen content in the nucleus pulposus. 19 Several studies have shown that the age-related IVDD can be detected by T2 changes, and age-related reduction in T2 is associated with decreasing glycosaminoglycan and water content. 20, 37, 38 Using a well-defined asymptomatic cohort, the current study demonstrated a strong negative correlation between T2 and age (r ϭ Ϫ0.77) in contrast to the weak negative correlation between the ADC value and age (r ϭ Ϫ0.37), which clearly indicates the superior sensitivity of T2 in detecting intervertebral disk aging.
The current study had several limitations. First, a selection bias might exist in the enrollment of participants in all clinical prospective studies, which cannot be fully removed. The following measures were taken to minimize the effect of such selection bias in this study: First, we established the same exclusion criteria for all participants in the asymptomatic and symptomatic groups. Such exclusions included diseases such as diabetes mellitus, major systemic disease, tumor, infection, back surgery, spinal fractures, and osteoporosis, in which back pain or/and sciatica is one of the complications and the intervertebral disk is prone to degeneration. [39] [40] [41] Moreover, the well-documented inclusion criteria were respectively applied for both asymptomatic volunteers and patients with back pain or/and sciatica. Second, the equivalence of age ranges and the balanced age distribution were achieved in the asymptomatic and symptomatic groups. Third, because a study with a low level of participation is more vulnerable to subject-selection bias, 42 a face-to-face interview was performed in the current study by a trained radiologist to minimize the drop-out rates (Ͻ7%) in this study.
One major limitation in the current study was the lack of a criterion standard for staging IVDD. The ideal standard should assess intervertebral disks by biochemical and histologic methods, which was not feasible in this clinical and in vivo study. Up to now, several methods have been devised to stage disk degeneration. 5, 7, 10, 43 The Pfirrmann grading system, as a noninvasive, simple, and convenient MR imaging method, can provide a morphologic and semiquantitative evaluation of IVDD in vivo, and it exhibits good intrareader and inter-reader reliability. [7] [8] [9] [10] [11] [12] [13] [14] [15] 22 In the current study, the interobserver and intraobserver reliability was good or excellent ( value ranges of 0.675-0.812 and 0.795-0.822, respectively). In the research field, this staging system has been widely accepted as the control criterion for assessing the degree of accuracy by several quantitative methods in the detection of IVDD, such as T2 and ADC measurement. 8, 10, [12] [13] [14] Nevertheless, this grading method is a subjective rating system and may introduce an inevitable bias.
Another limitation was the manual delineation of the regions of interest to cover the inner portion of intervertebral disks. This could have introduced subjectivity and bias, especially when the central region was poorly differentiated from the outer annulus fibrosus in disks of Pfirrmann grades III-V.
Last, the T2 and ADC values used to differentiate the Pfirrmann grades and the age ranges are important in quantitative assessment of degeneration and age-related changes in the intervertebral disks, which can play a value role in clinical practice. However, the sample size in the current study, especially after further grade or age classification, was not adequate for computing the positive and negative predictive values of T2 and ADC for different Pfirrmann grades and age ranges. Multicenter studies remain to be conducted with larger sample sizes, more rigorous designs, and evidence-based reviews.
Conclusions
Our results demonstrated that T2 and ADC values in lumbar intervertebral disks negatively correlated with the Pfirrmann grades in IVDD and age-related disk degeneration. More important, T2 provides a more sensitive and robust MR imaging 
